This study was done to evaluate changes of microvascular function under cold stimulation by measuring coronary flow velocities (CFVs) in vasospastic angina (VA) patients using transthoracic Doppler echocardiography (TTDE). 14 patients with VA and 15 healthy controls were included. CFVs were measured at the distal left anterior descending coronary artery by TTDE at baseline and under cold stimulation. Hyperemia was induced by intravenous adenosine infusion (140 g/kg/min). At baseline, CFVs and coronary flow reserve (CFR) were not different between controls and VA patients. Under cold stimulation, the degree of increment of CFV with adenosine was lower in VA patients than in controls. Comparing baseline with cold stimulation, coronary flow reserve (CFR) increased (3.1±0.7 to 3.8±1.0, p=0.06) in controls. In contrast, in VA patients, CFR was decreased (2.8±0.9 to 2.6±0.7, p=0.05) and coronary vascular resistance index markedly increased (0.35 to 0.43, p=0.01). Throughout the study, no patient experienced chest pain or ECG changes. In VA patients, CFR was preserved at baseline, but coronary blood flow increase in response to cold stimulation was blunted and CFR was decreased. These findings suggest that endothelial dependent vasodilation is impaired at the coronary microvascular and the epicardial artery level in VA under cold stimulation.
INTRODUCTION
Vasospastic angina (VA) is characterized by chest pain at rest with circadian variation (1) (2) (3) . It is caused by coronary vasospasm and can be diagnosed by the provocation of epicardial coronary constriction after the infusion of acetylcholine or ergonovine (4) (5) (6) . VA is relatively common in East Asians and is frequently observed in normal coronary arteries (7, 8) . Moreover, it has been reported that the prevalence of Raynaud's phenomena or migraine in VA patients is relatively high (9) (10) (11) . These findings suggest that VA may be a manifestation of generalized smooth muscle contractile disorder, and that an abnormal contractile response in the coronary microcirculation may also be present. An abnormal endothelial dependent vascular tone is regarded to be a main pathogenetic mechanism in VA (12) (13) (14) . One of physiologic stimuli used to evaluate endothelial function is the cold pressor test (15) . The response of coronary blood flow to cold stimulation in a patient with endothelial dysfunction was reported to be impaired (16) . However, changes in coronary blood flow and microvascular function under cold stimulation in VA have not been assessed.
Accordingly, the aims of this study were to evaluate microvascular function in VA at room temperature, and to assess whether microvascular dysfunction can be induced by cold stimulation by measuring coronary flow velocities with transthoracic Doppler echocardiography (TTDE).
MATERIALS AND METHODS

Study population
We studied 14 consecutive patients with chest pain at rest. All of patients had angiographically normal coronary arteries and showed documented coronary spasm associated with chest pain or electrocardiographic (ECG) changes after intracoronary infusion of acetylcholine, as reported previously (17) . Fifteen healthy subjects were included as a control group. Six patients in the control group received coronary angiography and did not have significant coronary artery stenosis. There were no symptoms or signs of heart disease in the remaining 9 control subjects. ECG and echocardiography were normal in these patients. No subject had valvular heart disease, idiopathic dilated or hypertropic cardiomyopathy, significant arrhythmia, decreased left ventricular function (ejection fraction <50 %) or chronic renal failure.
Study protocol
All subjects refrained from caffeine-containing beverages, alcohol and smoking for least 24 hr before the study. All vasoactive medications were also discontinued for 24 hr prior to the study. Coronary flow velocity (CFV) was measured using a high resolution ultrasound system (Sequoir C256 Acuson, Mountain view, CA, U.S.A.), with a 5-MHz transducer, via a transthoracic approach, in the distal left anterior descending coronary artery. Hyperemia was induced by intravenous adenosine infusion (140 g/kg/min) for 2 min and cold stimulation was performed by immersing both hands into ice water for 2 min. A diagram of the study protocol is shown in Fig. 1 . Briefly, CFV was recorded at rest and intravenous adenosine infusion before cold stimulation as baseline. After performing baseline measurements, ten minutes was allowed to allow the hemodynamic condition to fully recover to the resting state, cold stimulation by immersing both hand into ice water was started. CFV before and after adenosine infusion were recorded again under cold stimulation. Throughout the study, ECG was monitored continuously. Blood pressure and heart rate were checked simultaneously with CFV measurements.
Coronary flow reserve (CFR) was calculated as the ratio of hyperemic to resting mean diastolic coronary flow velocity. The rate-pressure product (RPP) was defined as the product of heart rate and systolic blood pressure.
Coronary vascular resistance index (CVRI) was calculated as follows; [mean arterial pressure at peak blood flow velocity/hyperemic diastolic velocity]÷[mean arterial pressure at basal flow velocity/basal peak diastolic velocity] (18).
Statistical analysis
For descriptive purposes, all data are presented as mean± SD and relative frequencies, as indicated. Absolute changes of CFV induced by adenosine and cold stimulation were analyzed using Wilcoxon sign rank test and Mann-Whitney test. A p-value of <0.05 was considered statistically significant. Table 1 summarizes the baseline characteristics of the study population. VA patients were older than the controls (57± 10 yr vs. 38±16 yr; p=0.001). The incidences of associated conditions (diabetes mellitus, smoking and dyslipidemia) were higher in VA patients than in controls, except hypertension (7% vs. 20%; p<0.05).
RESULTS
In all subjects, the intravenous infusion of adenosine induced significant increases in heart rate (HR) and RPP and decreases in blood pressure. Hemodynamic responses to adenosine were similar in both groups ( Table 2 ). As shown in Table 3 , base- Under cold stimulation, heart rate, blood pressure, and RPP increased in both groups. In particular, increases in blood pressure and RPP were prominent in the VA group (Table 4) . Coronary flow velocities were increased by cold stimulation in both groups, increases were lower in the VA group (p=0.03, Table 5 ).
Hemodynamic responses to adenosine during cold stimulation were similar in the two groups (Table 4) . Unlike baseline response, hyperemic response to adenosine was blunted in the VA group under cold stimulation. In VA, the increase in diastolic coronary velocity was lower than in the controls, resulting in a lower CFR and a higher CVRI than for the controls (Table 5) .
In summary, at room temperature, coronary flow velocity and CFR were similar in VA and control groups. Under cold stimulation, compared with baseline, CFR was marginally increased in controls (3.1±0.7 to 3.8±1.0, p=0.06). In contrast, in the VA group, CFR decreased (2.8±0.9 to 2.6±0.7, p=0.05) and CVRI increased (0.35 to 0.43, p=0.01).
DISCUSSION
The present study shows the characteristics of coronary blood flow in response to cold stimulation in VA patients by direct measurements of coronary blood flow velocities using TTDE.
Patients with angina caused by epicardial coronary artery spasm are diagnosed as either having ''vasospastic angina'' or ''variant angina'' (6). Coronary artery spasm may produce diffuse or focal arterial narrowing and be a manifestation of a generalized smooth muscle contractile disorder (9, 10, 19) . However, whether functional abnormality of the coronary microvascular circulation is present in vasosapstic angina is controversial (20, 21) . In our study, as the coronary flow reserve was similar to that of controls at baseline, the microvascular function of VA appeared normal. This finding is agreement with a recent study by Sueda et al. (20) . They reported no difference in CFR in patients with acetylcholine induced spasm between the spasm positive and spasm negative vessels, and maintained normal in vessel with spasm as control.
There is also some controversy on the status of coronary vasomotor tone. Kasai et al. (22) reported that the basal coronary artery tone of controls and VA patients does not differ significantly. However, Hoshio et al. (23) reported that coronary artery tone is significantly higher in VA patients than in control. In our study, the coronary vascular resistance index of VA patients at room temperature did not differ from that of the controls (0.35 vs. 0.31, p=0.08), but, as the p-value was 0.08, it is possible that CVRI might have been higher VA, if the study population had been larger.
The cold pressor test is recognized as a means of evaluating endothelial function and the functional integrity of the vascular wall (24, 25) . Normally, cold stimulation induces the sympathetic release of norepinephrine and epinephrine and increases the heart rate, arterial blood pressure, and myocardial oxygen demand. This increase in myocardial metabolic demand has been shown to dilate epicardial arteries and increase coronary blood flow. Moreover, this was found to be mediated through the -adrenoreceptor by direct nitric oxide synthesis stimulation and through the flow-dependent release of endothelial-derived nitric oxide, despite -adrenergic coronary artery constriction by the direct stimulation of smooth muscle cells (24, 26, 27) . However, it is known that coronary dilatation by cold stimulation is impaired in patients with endothelial dysfunction such as hypertension or diabetes mellitus (15, 28) . Infrequently, cold stimulation may cause coronary vasospasm in VA, but the reported sensitivity is about 2 to 10%, which is too low to be clinically significant in the diagnosis of vasosapstic angina (29, 30) . Our VA patients did not have chest pain, and did not show ECG changes, left ventricular wall motion abnormality on TTDE, or epicardial coronary artery vasospasm on coronary angiography during cold stimulation.
In this study, coronary blood flow incrementation by cold stimulation was lower in VA patients than in controls, and CFR decreased and CVRI increased in VA under cold stimulation. These findings suggest that sympathetic responses and microvascular integrity are different between VA patients and controls under cold stimulation. Constitutive nitric oxide synthase in the arterial endothelium continuously generates nitric oxide, which has been shown (31) to maintain basal vascular tone in animals and humans. Kugiyama et al. (32) recently showed that there is a deficiency in endothelial nitric oxide bioactivity at the sites of coronary artery spasm, and that this deficiency may play an important role in the pathogenesis of coronary spasm. Our data suggests that flow mediated endothelial dependent vasodilation was impaired at the coronary microvascular level in VA by cold stimulation.
There are several limitations in our study. First, the study population was small to derive definite conclusions. Second, the VA patients were older than the controls. Third, changes in epicardial coronary artery diameters under cold stimulation were measured on coronary angiography only in 8 patients (3 VA patients and 5 controls). However, none of these patients showed coronary artery diameter changes by cold stimulation alone. In remaining study population, no patient experienced chest pain or ECG changes under cold stimuation.
In conclusion, CFR is preserved at room temperature in vasospastic angina, but, compared to controls, increases in coronary blood flow in response to cold stimulation are blunted and CFR is decreased. These findings suggest that endothelial dependent vasodilation is impaired at the coronary microvascular and epicardial artery levels in vasospastic angina under cold stimulation.
